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. ABSTRACT

AYILERS 5k vt

I

1soihermul secont bulk modulus data was obtained from simulated hydraulic systems .and
compared with referenced data. \eference sources have been the only ovmlable data
from which to select bulk modulus vclues for system and component design. Therefore
a definite need existed for additional mform\\tm\ s design values are presently selected
arbitrarily or from experience. Often these values are arbitrarily modified for certain

systam design and vary greatly with the experience of the design;.r‘.‘\“Tl'iis study ‘was made

| to compare the omount of fiuid compressibility existing within a typical airplane hydraulic

i

system ond within a standord bench test system. Additional comparisons were made with

published reference sources. ( |
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II. SUMMARY

This study vas made to compare the amount of fiuid compressibility
existing within a typicﬁl eirplene hydraulic system and within e
steanderd bench test system. Additionel comperison was made with
published reference sources. As these reference sources have been
the only available date from which to select bulk modulus (compressi-
bility facfcr) values- for system and component design, a definite
need -for additiocnel information exists because presently these values
are often arbitrarily modified for system design and very vith the

exbgrience of the designer.

Bulk modulus, a measure of fluid compressibility, is an important
‘fluid ‘property in the design of systems employing fluid for force

‘transmission end wmotion control. The fluid, acting &5 a spring in a

spring-mass system sffects such system fectors as response time, force

‘available from limited stroke actuators, and stebility of servocontrolled

hydraulic systems.

The form of bull modulus most commonly found in reference sources is

the isothermsl secent bulk modulus. It is defined as the totel change

in fluid pressure divided by the total chenge in fiuld volume per unit

volume under pressure at a constant tempersture. It i. expressed by

the following relation:

E; s - <:élz—- /9;54’
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It is defined graphicslly a5 the slope of the line connecting two

pressures of a pressure versus AV/V curve (Figure 1), For our

Consranr
s TEAPELATVRE
'y 4

SECANTs — P /.

(.9_‘{;‘ o
v 7/,

Pl L X0 L & =9

Figure 1  Definition of Secant Bulk Moduius

computations, one pressure was equal to zero.

-

- mmtm——. e yo——

In this investigestion two laboratory systems were employed to develop

fluid compressibility, e simulated flight control (hydraulic) system

snd a2 conventionel ststic bench system. The Pressure-Volure-Temperature
method was used in both systens to obtein the bulk modulus datea. With

this method o change in o0il volume is messured for @ given pressure change,

vielding & static bulk modulus vslue.

The fluids used in this study were MIL-H-5606B, WSX-6885, end Skydrol
S00A. 'The WSX-6885 fluid is under consideration for use in the Super-
sonic Trensport. The MIL-H-5606B and Skydrol S00A are production fluids

in genersl use in militery snd commerciel aircraft.
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3 v{ : . _ For the three fluids tested, the bench values compared uith the published
A . .
data within acceptable margins. Ccmparisons of the .hydraulic system

déta resulted in different trends for the three fluids. With the

PYREY N IGNETAN Y S TP A2 D Ml Mps PRI g
L]

'MII~H-5606B fluid, the initial values were the highest, the four hour

values, the lowest {Figure 2 ). For both the WSX-6885 and Skydrcl 500A

PO o
.

) Kt fluids, the initial values were the highest, followed by the 4 hour

and 18 howr values in decreasing ordér (Figwre 3 ). With a 100 psi

A RN A PR A
'

dormant period test section pressure, the bulk modulus volues were

Fepcateble within the range of test tolersnces for both WSX-6885 and.

. Skydrol 5004 fluids.

PR

LN LE T LR e
-]

i’n order to determine if system cycling will restore the value of bulk

modulus to its initisl velue following dormeut unpressurized periods,

L2 RO IR SR Npante 10 o' 2

‘hours. ‘Following bulk modulus measurements, two more cycles end measure-

!
|
%‘ ( " two full stroke -cycles were conducted after data was taken et four
i
; ments were made.. In three of the four tests conducted with WSX-6385

snd Skydrol 500A fluids, complete recovery from the lower four howr

velues to the initial values was made following the four cycles.

The air content of the fluid and its veristion with cycling wes investi-

' geted by the use of a Seaten Wilson "Aircmeter." A negligible difference

ROOREI A A i e A I I AT AL e W%

existed between cycled and uncycled fluid.

- P
;o The bulk modulus of & flowing fluid was also obteined. In determining ‘
o this bulk modulus, the wave speed of & disturbance induced in the fluid 2
of
{ - g i
o
o « e e e e e e e
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AD 1546 D

is measured and combined with the fluid density and tubing correction

~ 4
fectors to obtain an adiabatic bulk modulus as expressed by the relation:.

Cu | .

B= faisz (sée Appendtx ) .
£+’ - ppate, L B

vhere "a" is the wave speed.

Based on the dsta obtained, the following conclusions are :égliée&.

1. Por system conditions involving dormant unpressurized periods, es
in utility systems, the Tluid bulk modulus is initially low but
eporoeches the published value within the first moments of system

actuation.

2. Dissolved and entrained 2ir or ges remsining within a hydraulic
systen vhich 1s continucusly pressurized has no apprecisble effect
on the fluid bulk modulus and consequently the system stiffness.,
This cffect applies to primary flight control systems and to systems-

in vhich the actuator remoins pressurized but inactive over extended

time periods.,

3. Acceptable correletion was obtained between our bench rmeasurements,
and published data for MIL-H-5606B and WSX-6885 fluids., With Skydrol
S500A an accurate assessment uas difficult to realize due to the in-

consistency of the published data available,

4, The system measurements produced initial values which compared very

favorably with the bench results for the three fluids tested.

o

. '
bbb van e ) B
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5. The system measurements following pressurized dormant periods

yielded the most sccurate correlation with the initial system

velues .8nd subsequently the bench end published values.

- 6. The tethod employed to measure the bulk modulus of a flowing fluid

DR R e S

At
R

also produced accepteble results for both WSX-6885 and Skydrol 500A

R
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III. INTRODUCTION

This investigetion arose from the need to obiain additional information

on bulk moduius of a fiuid in & hydraulic system, as the vaiue of .

bulk modulus used in celculstions is often arbitrary or selected om

the basis of experience. Bulk modulus is a measure of the conpressibility
of a fluid, and is an important fluid property in system design ss it affects
such system factors as response time, force awvailable from liwited styoks
actuators and stability of hydrsulic servos and servo-controlled hydraulic
lyatens.l The datas compiled in this document should provide an insight

into the behavior of bulk modulus under sctual opersting conditioms.
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1 Isothermal ssosnt bulk modulus, one of seversl forms of bulk modwlus and

Measurements vere made both in a standard bench fixture sand in & hydrsulic

xilitary and commercial aircreft.

‘IN.  DISCYSETON

g’ medaure of fluid stiffness, is the most commonly found form in reference
sturcas., It is defined as the total change in fluid pressure divided by
the total change in fluid volums per unit volume under pressure ai constant
tesperature. %The gquation for this form of bulk modulus is
B, = ﬁ—_‘i PsSi
V ¢
Gruphically, it is defined as the slope of th? line connecting two pressures

of & pressure versus AV/V curve (Figure 4),
In this investigation, fluid isotheral secant bulk modulus values ware

obtained for three fluids at various temperstures and pressures.

servo-actuatay mta The purpose of using two systems was to investigate
any varistions in bulk modulus obtained with fluid contained within a
simlated flight control system and values obtained in conventionsl

static tests. The fluids used vere MIL-H-5600B, WSX-68385, and Skydrol 50QA.
The W8X~6885 fluid is under consideration for use in the Supersonic
Transport wvhile the other two are production fluids in genersl uss in

he Pressure-Volums-Temperature method was used to obtain the dats.
This wethod yields the volume change for a pressure change exeried on &
given inftial fluid volume., The values obtained can be substituted in
the relation above to obtain the bulk modulus velus.
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Description of Test

The bench fixture consisted of & coil of tubing as the test section and
s hand pump and associasted equipment (Figures 5 through 7). This
system has been used in previous tests &t Boeing for the measurement

of fiuid bulk modulus values. The hydraulic system employed & servo-
controlled single-ended actustor losded by a torsion bor. The test
section comprised the actuator to servo-valve tubing and is pressurized
by a hand pump connected to the head,end of the actustor (Figures 8

through 10), Measurement procedures are identical for both systems.

In selecting the tubing as the test section instead of the actuator,
the following criterie were used. In using the sctuator with fhe head
end comprising the test cavity, the piston seal leakage and structural
compliance of the sctuator could not be accurately determined for

81l conditions investigested. The leakage is directly releted to the
bore-to-seal clearance. This clearance is affected by pressure, struc-

tural complisnce of the barrel, longitudinal position of the seal in

the barrel, snd the seal wear, In addition, & suitable m:ens of locking

the piston-rod wes necessaiy. The use of tubing alleviates these pro-

blems r3 a leak-tight chember coulc be attasined between twe velves and

the complience of the tubing could be determined methematically. Becsuse

the test section comprised the rcd end to servo-valve tubing, it was
assumed that the fluid in this section and in the actuator is subjected
to nearly identical conditions. Therefore, the bulk modulus vslues

obtained are representative of the fluid bulk modulus in the actuator.
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In addition to the above stetic velues, the bulk medulus was also obtained

for a flowing fluid by means of wave speed meafurements. For measure-
ment of the bulk moduius, 8 szcticn of tubing approximately 100 feet in
length was incorporeted in the servo-actustor system adjacent to the
pump. This section wes eguipped with a solenoid velve for testing of
WSX-6385 snd a pressure control servo-valve for Skydrol 500A fluids.
Pressure trensducers were incorporatea in each eni of the test section
to determine the elapsed weve travel time of the disturbence created
by closure of the valves. (Figure 1l.and 12). The wave travel
time was utilized to éetermine the wave speed of the disturbsnce. The
heating and cooling effect generated by compression snd e<psnsion waves
cccurs very rapidly =nd mey be considered an adiebatic process.‘?’3
Therefore, the wave speed in corjunction with the fluid density and
tubing correction factors yields an edisbatic bulk modvlus when sub-

stituted into the relecion

- PalEL
£t -o0pa’C,

(See Appendix A)
in which "e" is the wave speed of the disturbence.

Test Procedure

The data was taken under the folicowing conditions for the three fluilds

under consideration.

. e e
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ProE QY

6-7000




- v v e T e v ST e T T AT v o
T P iot s s Lo pagiong PEY AT A L 2 2 SIVERITS yerte AR A RN PTE RGN VAN NN R Te [N A SN Ptk A

6+7000

62TIN
22

e 11

D&-58

NUMBER
REV LIR

SHEET

RS
PR e R oy PN

T o T (NS5

SYSTEM -~ WAVE SPEED MEASUBEMENT SECT/ON

~Sem,
1

2ol ”ﬂ!’”n COMPANY

AD 46726

-

" N el (At o PSRN S Ageiing-w Bl WA s Sl

4 . g eii i e A fG gt S g A L A A i L s s iz S 4



FRE e S

NUMBER
REV LIR

e MVCTEINE corrarv

FTEST SYSTEM ~ WAVE SFEED MEASUBEMENT S&cTioN

e
T

TRANS,

Cl
g
7

‘ﬁ',
‘4

LV
Ay

‘£

A

«
"'

‘é;..; &? "% "

A

»
PRESSLIRE

<

Z
(qV) v O
o I
Q <)
10N &)
1 e}
1
~0
[
o
w
w
T
w

AD 48726




- OO A S ' ) et b O

CE it T g

- Predsure Test

Yiuid Y 1,000 Tenpersture Pixture
123545 S

MIL-N-5606B X XXX TOF¥, 2007 Beuch ’
xx 100 ¥, 200 ¥ Systen
Wax-6885 XX X X 1007, 350 F Bench
X X X x 00Pr 3507 System
X 100 ¥, 200 ¥ >
Sydrol 500 X X X X 100 ¥, 200 ¥ Bench
X X X X 100 ¥, 200 F System
b 100 ¥, 200.¥ B>

[I> vave speed measurements with a flowing
fluid.

In order to determine if system cycling will restorse the value of bulk
nodulus to its initial velue following dormsat unpressirised periods, tvo
full stroke cycles were conducted sfter data wes taken at four hours.

Pollowing bulk modulus memsurements, two more cycles and measurements

_ were made. This sequence was performed at 100 F and 350 F and at

100 ¥ and 200 ¥ for WEX-6885 and Skydrol 500A fluids respectively with

messurements being mede at 1000 and 3000 psi.

Bulk modulus measurements vere made threa times at each tempereture and
series of pressures. for each specific fluid. System cycling was
conducted for fifiszen minutes prior to the initial meesuressnts.
Tollowing a four hour dormant period at zero pr'ou\u"a_. the dulk modulus
meagurexents vere rpested. A final messurement wes asde sfter & second
dorment period of 18 to 11% hours. This procedure was followed for all
three fluids and, $n addition, wes repeated for WSX-6885 and Skydrol SO0A
uith & pressure of 100 psi on the test section Guring the dormant periods.
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Extended cycling with MIL-E-5606B wes slso conducted for periods.cf

7 and 14 hours. Bulk modulus messuremsnts were wads st a tempersture
0f 200 ¥ and pressures of 2000, 3000, #000, and 5000 psi. The dormsat '
periods were conducted at zero pressure. JYollowing the m cyeliag -
the system was drained and refilled with new m»n-m fluid and the
bulk modulus measurements repested under the previously mentioned

procedure.

C. Test Results
1. BPBanch and System Tests

In comparing the bulk modulus veluss obtained with MIL-H-5606B, the
bench dats and system data for uacycled fluid yielded curves of the
same general slope. The system values exceeded the bench valwas
(Pigure 13 ). Although the numerical values are noticeably
different. the deviation did nct exceed 7.5 percent (Figure 14 ),
In comparing this dats with published data from The Boeing Design
Manual, the difference in curve sio?e ie considerable {Figure 15 )},
However, the mximum deviation between the bench and published data
was less than 8 percent (Figure i5 ).

In comparison of the hydraulic system data, the initisl valuss were the
highest; the four our veluss, the lowest (Figures 16 through 22' ),
The 18 to 114 hour values were between the initial and four hour data
with the exception of two cases in which these nluag were less than

the four hour values (Figures 18 and .19 ),

Although the fluid volumes in the bench and system test Aiffexed
by & factor of approximately three, the AV's recordad differed -
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only slightly when expressed as AV/V. At the moximu pressure, a

’ q | - - a . . - . e sis -
? i W naxinup Apy from the bench of 36 cc with en initial voliume of 1136 cc .
i o yic¢lds a AV/V of 2.17. A similer. AV of 11.7 cc from the system with .
7 I 8 ) - - ’ }
Eod - e N ; < s '
M .. an initial wvolure of 306 ce yielded a '\'/V of 2.96. Al‘nough the date .
P oF ;
AR\ L , : 1
L' g ) taken exhibits some repeatsbility, particularly good vhen couparing ini- f .
: A |
: ‘tial vith initisl, etc., an e::n’anavmn for the variance with tine is
: ! :%
! . not apperent (Figures 23 through 28). One possibility is thet air comes ‘ A
4 - - X 4
-3 ~ out of solution during the dormant periods causing ihe bulk modulus to . f ;
L ‘ _ decrease. With subsequent pressurizations (0-2000 psi initisliy) the f i
:5 # - ’ - - i
e i : .- . . . . . ey s a s . .. ' §
- air is again dissolved in the Tluid and the bulk modulus increases. This . 2
3 :Pi' might eéxplain the results obtaired after four hours but is discounted ' o
kD, - - g ;
o :: - ~ - ‘ ;
S by the 18 to 11k hour date. It moy also explein the increase in slope
R . - f
¢k obbained with I howr and 16 to 11& hour dete. Cbservance of this trend
< 3
B § .
o - in initial test results led to the inclusion of the 100 psi pressurize- ,
# z q . f
e i tion in later WS¥-6835 and Skydrol 5004 itests. ' 4
= o . : -
2 Tae uench dele obltained wiih WSY-6335 fiuid was compared with published X
: !
| ’ . deta for ETC-5251 (Tigures 29end 30). These two fluids sre very ‘
g I . i
A : similar so the accuracy obtsined was deemed sufficient. The deviation ‘
;oY . ] - ‘
"’g . ‘beticen the bench and published dato reeched a maximun of 3.5 percent )
- st 100 ¥ zhd of 7 percent at 350 F (Figure 31). :
;o - ‘
;. ! i
t o) I
I The systen datz for VOX-G235 exhivited 2 slightly differsnt trend than i
i) : the MIL-I-5GUGE data., The initial velues vere the highest, with the )
3 N 1
E 4 % and 18 hour data following in decreasing order (Figuresd? ané 33). i
- & i !
v This data was for zero seclion pressure during the dormant pericds., ;
L
3 With & pressure of 100 psi on the btest section duwring the dorument
& b 4 R Iy . -
T | { P, o. periods, the bulk moaulus measurements yielded date thet was
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